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of different signaling pathways to different forms of LTP,
we have combined two recent technical advances. First,
we have used high-resolution two-photon imaging to
selectively assay function in the presynaptic terminal
and determine which forms of LTP recruit changes in
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In these experiments, we have focused on the neuro-New York, New York 10032
trophin BDNF, a particularly interesting signaling mole-4 Department of Physiology
cule whose role in synaptic plasticity has been exten-University of Tennessee
sively studied but remains controversial (McAllister etMemphis, Tennessee 38163
al., 1999; Poo, 2001; Lu, 2003). Genetic deletion of BDNF5 Department of Neuroscience
or blockade of its action has been reported to lead toUniversity of Virginia School of Medicine
an impairment of some forms of LTP at CA3-CA1 hippo-Charlottesville, Virginia 22908
campal synapses, whereas other forms remain intact
(Chen et al., 1999; Figurov et al., 1996; Kang et al., 1997;
Korte et al., 1995, 1998; Patterson et al., 1996, 2001).Summary
Similarly, mice lacking the TrkB receptor for BDNF in
the forebrain and mice with a targeted mutation in theBrain-derived neurotrophic factor (BDNF) has been
phospholipase C docking site of TrkB show reducedimplicated in several forms of long-term potentiation
hippocampal LTP as well as impaired spatial learning(LTP) at different hippocampal synapses. Using two-
(Minichiello et al., 1999, 2002).photon imaging of FM 1-43, a fluorescent marker of
The demonstration that BDNF is selectively requiredsynaptic vesicle cycling, we find that BDNF is selec-
for certain forms of LTP and not others has focused ourtively required for those forms of LTP at Schaffer col-
attention on two classes of questions. (1) What is thelateral synapses that recruit a presynaptic component
ultimate target of action of BDNF? Recent studies sug-of expression. BDNF-dependent forms of LTP also re-
gest that some forms of LTP produce an alteration inquire activation of L-type voltage-gated calcium chan-
presynaptic function, whereas other forms of LTP ap-nels. One form of LTP with presynaptic expression,
pear to be expressed largely in the postsynaptic celltheta burst LTP, is thought to be of particular behav-
(Zakharenko et al., 2001). Is BDNF signaling required forioral importance. Using restricted genetic deletion to
both presynaptic and postsynaptic forms of LTP? Orselectively disrupt BDNF production in either the entire
is the action of the neurotrophin polarized, selectivelyforebrain (CA3 and CA1) or in only the postsynaptic
altering function at either a presynaptic or postsynapticCA1 neuron, we localize the source of BDNF required
site? (2) What is the source of BDNF release that isfor LTP to presynaptic neurons. These results suggest
required for induction of LTP at CA3-CA1 synapses? Is
that long-term synaptic plasticity has distinct presyn-
it released from the presynaptic CA3 neuron or postsyn-
aptic and postsynaptic modules. Release of BDNF
aptic CA1 neuron?
from CA3 neurons is required to recruit the presynap- To determine the ultimate target of BDNF action, we have
tic, but not postsynaptic, module of plasticity. used two-photon laser scanning microscopy to image pre-
synaptic function with the activity-dependent fluores-
Introduction cent marker of synaptic vesicle cycling, FM 1-43 (Betz
and Bewick, 1992). Our previous results using this tech-
Long-term potentiation is a well-studied form of synap- nique in hippocampal slices showed that the kinetics
tic plasticity that is thought to provide a cellular mecha- with which FM 1-43 is released from synaptic vesicles
nism for certain forms of memory storage (Martin et al., in response to synaptic stimulation is strongly correlated
2000; Milner et al., 1998). However, the large number of with changes in synaptic transmission, suggesting that
signaling cascades that have been implicated in long- the kinetics of dye release provide an accurate measure
term plasticity has hampered progress in identifying the of presynaptic function (Zakharenko et al., 2001, 2002).
molecular mechanisms responsible for LTP and in relat- To determine the source of BDNF release during hippo-
ing these mechanisms to behavior (Sanes and Lichtman, campal LTP, we have used the cre-loxP system to gener-
1999). This complexity may result from the fact that LTP ate two strains of mice with different patterns of re-
is not a unitary phenomenon, but consists of a number stricted deletions of BDNF. The first strain of mice lacks
of overlapping processes that are recruited by different BDNF in the entire forebrain, including the CA3 and CA1
patterns of synaptic activity. To dissect the contribution areas of the hippocampus (BDNF/(CA3-CA1)). The
second strain of mice lacks BDNF only in the CA1 pyra-
midal neurons of the hippocampus (BDNF/(CA1)).*Correspondence: sas8@columbia.edu
Our studies focus on three forms of LTP induced by6 Present address: Unit of Behavioral Genetics, NIMH, Building 49,
Convent Drive, MSC, Bethesda, Maryland 20892. different patterns of synaptic activity at the Schaffer
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collateral synapse: (1) 200 Hz LTP, (2) theta burst LTP, synaptic stimulation was similar for hippocampal slices
from BDNF/(CA3-CA1) mice and BDNF/ littermatesand (3) 50 Hz LTP. We confirm that 200 Hz LTP leads
to a marked increase in the rate of FM 1-43 release, (Figures 4A and 4B).
We next tested how deletion of the BDNF gene in theconsistent with a significant presynaptic component of
expression. In contrast, 50 Hz LTP did not alter the forebrain affects the early, protein synthesis-indepen-
dent phase of three major forms of LTP at CA3-CA1kinetics of FM 1-43 release, suggesting that this form
of plasticity is expressed mainly in the postsynaptic CA1 synapses: (1) LTP induced by 50 Hz tetanic stimulation,
(2) LTP induced by 200 Hz tetanic stimulation, and (3)neurons. Moreover, we demonstrate that theta burst
LTP, a form of plasticity induced by patterns of activity LTP induced by theta burst stimulation (TBS LTP).
thought to be of most physiological relevance, also has
a significant presynaptic component. In each case, BDNF Is Not Required for Postsynaptically
BDNF is selectively required for only those forms of LTP Expressed 50 Hz LTP
that recruit a presynaptic component of LTP. Further- Does BDNF play a role in forms of LTP whose expression
more, we have localized the source of BDNF to the is largely postsynaptic? We previously found that LTP
presynaptic CA3 neurons. These results suggest a spe- at Schaffer collateral synapses induced by 50 Hz or 100
cific model in which BDNF is coreleased with glutamate Hz tetanic stimulation is not associated with a change
from the presynaptic neurons to ultimately enhance neu- in presynaptic function, as assayed by FM 1-43 release.
rotransmitter release from the presynaptic terminals. In contrast, LTP induced by 200 Hz tetanic stimulation
The selective involvement of BDNF in presynaptic but does produce a significant enhancement in presynaptic
not postsynaptic forms of LTP implies the existence of function, based on the enhanced rate of FM 1-43 release
distinct LTP signaling modules that can be differentially from CA3 neuron presynaptic terminals (Zakharenko et
recruited through distinct patterns of synaptic activity. al., 2001). Because the boundary between 100 Hz LTP
Thus, subtly different patterns of synaptic activity recruit and 200 Hz LTP might not be precise under all condi-
distinctly different signaling modules that have a pro- tions, we have focused on 50 Hz LTP, which should be
found consequence on the cellular mechanisms of syn- less likely to recruit any presynaptic component. We
aptic plasticity and, presumably, on behavior. found that the magnitude of 50 Hz LTP was unchanged
in BDNF/(CA3-CA1) mice, relative to that in BDNF/
littermates (Figure 2A). Thus, the average fEPSP ampli-Results
tude was enhanced to 133.1%  4.1% (n  5 slices) of
its initial value 1 hr after 50 Hz tetanic stimulation inWe first generated a strain of mice with a deletion of
mice with normal BDNF expression (BDNF/), and athe BDNF gene that was restricted to the forebrain (see
similar sized enhancement of 136.4% 4.7% (p 0.05;Experimental Procedures). Accordingly, BDNF was lack-
n  6) was observed in littermates that lack BDNFing in all areas of the hippocampus of these mice, includ-
(BDNF/(CA3-CA1) mice).ing CA3-CA1 synapses (compare Figure 1A with Figure
1B). We refer to these mutant mice as BDNF/(CA3-
CA1). To achieve this forebrain restriction, we used the BDNF Is Required for Full Expression
of 200 Hz LTPCaMKII promoter to drive expression of Cre recombi-
nase. This not only restricts expression of Cre recombi- Might BDNF be required for forms of LTP that are known
to alter presynaptic function? We next examined thenase spatially to the forebrain but also restricts expres-
sion temporally to late stages of postnatal development, importance of BDNF for 200 Hz LTP, whose induction
requires activation of both NMDARs and L-type voltage-so that deletion of the BDNF gene only becomes signifi-
cant after day P14. Therefore, all physiological experi- gated calcium channels (Cavus and Teyler, 1996; Grover
and Teyler, 1990; Morgan and Teyler, 1999) and whosements with mutant BDNF/(CA3-CA1) mice and their
littermates with intact BDNF expression (referred to as expression recruits a prominent presynaptic component
assayed by FM 1-43 release (Zakharenko et al., 2001).BDNF/ mice) were performed at 6–10 weeks of age.
The restricted and relatively late deletion of BDNF In contrast to its lack of effect on 50 Hz LTP, forebrain-
specific deletion of BDNF caused a significant decreasespared the mice from the developmental abnormalities
and early lethality that characterize the generalized in the magnitude of 200 Hz LTP (Figure 2B). Thus, the
mean field EPSP (fEPSP) measured 1 hr after inductionBDNF knockout (Conover et al., 1995; Ernfors et al.,
1994; Jones et al., 1994). Thus, Nissl staining revealed of LTP was enhanced to only 145.0%  8.5% (n  8)
of its pretetanus level in the BDNF/(CA3-CA1) mice,no visible morphological changes in the brains of
BDNF/(CA3-CA1) mice compared to wild-type lit- compared to a 198.3%  11.4% enhancement (n  8;
p  0.01) in BDNF/ littermates. Although deletion oftermates (Figures 1C and 1 D). Furthermore, the lifespan
of the mutant mice was comparable to that of BDNF/ BDNF significantly reduced the magnitude of 200 Hz
LTP, it clearly did not eliminate it. The amplitude of theanimals (data not shown).
Selective loss of the BDNF gene in the forebrain of fEPSP following the 200 Hz tetanus in the BDNF/(CA3-
CA1) mice was still significantly elevated relative to itsBDNF/(CA3-CA1) mice does not impair basal neuro-
transmitter release. Thus, a comparison of the input- initial pretetanus level (p  0.01).
Despite the50% decrease in the size of 200 Hz LTP,output relation for synaptic transmission shows no sig-
nificant difference between BDNF/(CA3-CA1) mice posttetanic potentiation (PTP) was not compromised in
BDNF/(CA3-CA1) mice (Figure 2C). When we mea-and littermates with intact BDNF expression (data not
shown). Moreover, the rate of FM 1-43 unloading from sured fEPSP slope with higher temporal resolution (ev-
ery 5 s) immediately before and after induction of 200presynaptic terminals of CA3 neurons in response to
Presynaptic BDNF Required for Presynaptic LTP
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Figure 1. Generation of BDNF/(CA3-CA1) Mice
(A and B) BDNF in situ hybridization. Images of coronal brain slices from BDNF/ mice (A) and BDNF/(CA3-CA1) mice (B). Note, there is
no signal in the entire forebrain of BDNF/(CA3-CA1) mice as opposed to BDNF/ animals, where a strong signal is detected in the CA3-
CA1 pyramidal layer of the hippocampus, dentate gyrus granule neurons, and neocortex.
(C and D) Nissl staining of hippocampal slices from BDNF/ mice (C) and BDNF/(CA3-CA1) mice (D).
Hz LTP, we found that PTP reached its maximum at BDNF Deletion Eliminates the Enhancement of FM
1-43 Release Following Induction of 200 Hz LTP10 s and on average was 236.7%  19.6% (n  6) for
BDNF/(CA3-CA1) mice and 228.3%  9.6% (n  8; We stimulated the Schaffer collateral pathway in the
presence of FM 1-43 to load dye into CA3 neuron presyn-p  0.05) for BDNF/ mice. This result suggests that,
in the adult hippocampus, the lack of endogenous BDNF aptic terminals during triggered cycles of vesicle exo-
cytosis and endocytosis (see Experimental Procedures).does not impair synaptic transmission even during high-
frequency stimulation, although such an effect has been Following washout of dye from the extracellular solution,
we observed a field of brightly fluorescent puncta inreported for developing hippocampus (Gottschalk et al.,
1998). the stratum radiatum, representing Schaffer collateral
presynaptic terminals that contained a pool of FM 1-43-Interestingly, the magnitude of the residual amount of
LTP induced by 200 Hz stimulation in the BDNF/(CA3- labeled synaptic vesicles (Figure 3A). After waiting sev-
eral minutes for vesicles to recycle and become primedCA1) mice (Figure 2B) was nearly identical to the magni-
tude of postsynaptic LTP induced by 50 Hz stimulation for release, we delivered a second round of synaptic
stimulation at 1.5 Hz, causing the dye-filled vesicles to(Figure 2A). Although this similarity may be coincidental,
it raises the possibility that 50 Hz and 200 Hz tetanic undergo a second round of exocytosis that released
their store of FM 1-43. We previously found that the ratestimulation recruit a similar-sized component of LTP
that does not require BDNF; 200 Hz stimulation would of dye release (measured as 1/half-time of fluorescence
destaining) provides a reliable index of the efficacy ofalso recruit a distinct component of LTP that requires
BDNF. Given our previous finding that 50 Hz LTP is transmitter release from CA3 terminals (Zakharenko et
al., 2001, 2002) (although the FM 1-43 method is, inexpressed postsynaptically whereas 200 Hz LTP also
recruits a presynaptic component, we further reasoned principle, also sensitive to changes in vesicle recycling
not directly related to release).that BDNF may be selectively required for the presynap-
tic component of LTP. This hypothesis predicts that We first confirmed that, in mice with normal BDNF
expression, 50 Hz LTP does not alter presynaptic func-deletion of BDNF should completely abolish the presyn-
aptic component of LTP induced by 200 Hz stimulation. tion whereas 200 Hz LTP does enhance presynaptic
activity, as assayed by FM 1-43 release (Zakharenko etWe therefore examined the ability of 200 Hz LTP to
enhance FM 1-43 release, a specific measure of presyn- al., 2001). Thus, the rate of FM 1-43 destaining before
50 Hz stimulation (0.0132 0.0022 s1, n 187, 3 slices)aptic function, in mice that either express or lack BDNF
in the forebrain. was identical to the rate of destaining 1 hr after the
Neuron
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Figure 2. 200 Hz LTP Is Deficient but 50 Hz
LTP and PTP Are Normal in BDNF/(CA3-
CA1) Mice
(A) Effect of 50 Hz tetanic stimulation (three
trains, upward arrows) on mean fEPSP slope
in slices from BDNF/ (closed circles; n 
5) and BDNF/(CA3-CA1) (open circles; n 
6) mice.
(B) Effect of 200 Hz tetanic stimulation (arrow)
on mean fEPSP slope in slices from BDNF/
mice (closed circles) and BDNF/(CA3-CA1)
animals (open circles).
(C) Average fEPSP slope as a function of time
measured every 5 s indicates similar sized
posttetanic potentiation immediately after
200 Hz stimulation in BDNF/ (closed circles)
and BDNF/(CA3-CA1) (open circles) mice.
tetanus (0.0129  0.0039 s1, n  151, 3 slices; p  release and the magnitude of 200 Hz LTP, since pharma-
cological inhibitors that inhibit 200 Hz LTP, APV and0.05, Kolmogorov-Smirnov test). In contrast, as shown
in Figure 3B, the rate of dye release 1 hr after induction nitrendipine, produce a similar inhibition in the enhance-
ment of FM 1-43 release in response to the 200 Hzof 200 Hz LTP increased to 186%  32% (n  5) of its
initial rate measured before the induction of LTP, from tetanic stimulation (Zakharenko et al., 2001). Examina-
tion of the distribution of the rates of FM 1-43 unloading0.0129  0.0004 s1 (n  236, 5 slices) to 0.0219 
0.0005 s1 (n  210, 5 slices; p  0.0001, Kolmogorov- for a large number of individual presynaptic boutons
reveals the appearance following induction of LTP of aSmirnov test). We also observed a significant enhance-
ment in FM 1-43 release even earlier after induction of population of boutons that showed a significantly higher
than normal rate of destaining (Figure 4C).LTP: 15–20 min after the LTP induction protocol, the
rate of release was increased to 142.5%  2.6% (n  In contrast to the results from BDNF/ mice, 200 Hz
LTP had no effect on the rate of FM 1-43 release in7) over its initial value (p  0.0001). This increase in rate
of FM 1-43 release during 200 Hz LTP was observed in slices from BDNF/(CA3-CA1) littermates (Figures 3C
and 4B). The average rate of FM 1-43 unloading 1 hrall experiments where it was tested (Figure 4A). In a
previous study, we demonstrated a close relation be- after 200 Hz tetanic stimulation (1/t1/2  0.0131 0.0004
s1, n 324) was unchanged from the rate of destainingtween the magnitude of the enhancement in FM 1-43
Presynaptic BDNF Required for Presynaptic LTP
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Figure 3. Enhancement in FM 1-43 Release from Presynaptic Terminals during 200 Hz LTP Was Blocked in Mice Lacking BDNF
(A) Images showing FM 1-43 loading into presynaptic boutons following initial round of synaptic stimulation in presence of dye (2	00″ frame)
and subsequent release of dye at various times (numbers indicate time in minutes and seconds) following start of synaptic stimulation at 1.5
Hz (0	00″ frame) in absence of dye.
(B) Mean time course of FM 1-43 release during synaptic stimulation before (filled squares; n  94 boutons) and after (open squares; n  88
boutons) induction of 200 Hz LTP from the same slice in BDNF/ mice.
(C) Mean time course of FM 1-43 release during synaptic stimulation before (filled squares; n  76 boutons) and after (open squares; n  73
boutons) induction of 200 Hz LTP from the same slice in BDNF/(CA3-CA1) mice.
before the 200 Hz tetanus (1/t1/2  0.0129  0.0006 s1, L-Type Voltage-Gated Calcium Channels as well
as BDNF Are Both Necessary for then  353; p  0.05, Kolmogorov-Smirnov test). Deletion
of BDNF completely blocked the enhancement of FM Presynaptic LTP Module
The above results provide support for the hypothesis1-43 release during 200 Hz LTP in 6 out of 7 individual
slices tested (Figure 4B), and there was no change in the that different patterns of synaptic activity (that is, 50 Hz
versus 200 Hz tetanic stimulation) differentially recruitdistribution of unloading rates measured in individual
puncta (Figure 4D). Thus, whereas BDNF deletion only two distinct modules of synaptic plasticity that differ in
their synaptic locus of expression and requirement forpartially blocked 200 Hz LTP (see above), the blockade
of the enhancement in FM 1-43 unloading was complete. BDNF. Previous studies have demonstrated a third dis-
tinction between LTP induced by 200 Hz stimulation andThese results indicate that BDNF is absolutely neces-
sary for the presynaptic component of 200 Hz LTP. As LTP induced by lower-frequency stimulation: only the
former requires activation of L-type VGCCs (Grover anda corollary, the residual LTP of the fEPSP in the BDNF
knockout mice is most likely due to a postsynaptic Teyler, 1990; Morgan and Teyler, 2001; Zakharenko et
al., 2001). This led us to ask: do BDNF and VGCC activa-BDNF-independent component of LTP.
Neuron
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Figure 4. Comparison of Rates of FM 1-43 Unloading in Individual Slices before and after Induction of 200 Hz LTP Reveals that BDNF Is
Required for Presynaptic Changes during 200 Hz LTP
(A and B) Average rates of FM 1-43 unloading (1/t1/2 values) measured before (closed squares) and 1 hr after (open squares) induction of 200
Hz LTP in slices from BDNF/ animals (A) and BDNF/(CA3-CA1) mice (B). Small squares indicate single slices; large squares indicate
means.
(C and D) Cumulative probability histograms of FM1-43 unloading rates for the same population of slices before and after induction of 200
Hz LTP in BDNF/ animals (C) and BDNF/(CA3-CA1) mice (D).
tion operate in parallel to induce distinct modules of stimulation in the presence of nitrendipine was compa-
rable to the magnitude of 50 Hz LTP in the absence ofplasticity during 200 Hz LTP or do they act in concert
to recruit a single presynaptic LTP module? If there is drug (p  0.05) and to the residual 200 Hz LTP in the
BDNF/(CA3-CA1) mice (Figures 5A and 5B). Moreover,only a single presynaptic form of LTP that requires both
BDNF and VGCC activation, then blockade of L-type in wild-type mice we previously found that the enhance-
ment in the rate of FM 1-43 unloading during 200 HzVGCCs or deletion of BDNF should each be sufficient
to eliminate this presynaptic module, leaving the post- LTP is blocked by nitrendipine, consistent with the idea
that VGCCs are required for presynaptic forms of LTPsynaptic module intact. In this case, we predict that
the residual 200 Hz LTP observed in the presence of (Zakharenko et al., 2001).
Consistent with our model, deletion of BDNF had nonitrendipine, an L-type VGCC antagonist, should repre-
sent the postsynaptic module and thus should not be effect on the residual amount of 200 Hz LTP observed
following blockade of L-type VGCCs. Thus, in the pres-altered upon the deletion of BDNF. Similarly, the residual
postsynaptic 200 Hz LTP we observe in the BDNF/ ence of nitrendipine, 200 Hz tetanic stimulation in-
creased the fEPSP to 133.6%  5.8% of its initial level(CA3-CA1) mice should be insensitive to the subsequent
application of nitrendipine. (n  6) in the BDNF/(CA3-CA1) mice, not significantly
different from the magnitude of LTP observed in theWe first verified in BDNF/ mice that L-type VGCCs
are not necessary for 50 Hz LTP (Cavus and Teyler, BDNF/ mice in the presence of nitrendipine (p  0.05)
(Figures 5B and 5C). This is in contrast to the marked1996). Indeed, delivery of the 50 Hz tetanic stimulation
elicited a normal amount of LTP in the presence of nitren- difference seen above in the magnitude of 200 Hz LTP
between these two lines of mice in the absence of nitren-dipine (5 
M) (Figure 5A). In contrast, we confirmed that
L-type VGCCs are necessary for 200 Hz LTP in BDNF/ dipine (Figure 5B). Similarly, the magnitude of 200 Hz
LTP in BDNF/(CA3-CA1) mice was insensitive to ni-animals (Figure 5B). Thus, in the presence of nitrendip-
ine, 200 Hz tetanic stimulation enhanced the fEPSP at trendipine (LTP in absence of nitrendipine was 140.8%
5.8%, n  6, not significantly different from LTP in the1 hr to 132.0%  3.1% (n  6) of its initial level, signifi-
cantly less than the 198% enhancement in the absence presence of nitrendipine; p  0.05). These results pro-
vide support for the view that 200 Hz LTP recruits twoof nitrendipine (Figures 2B and 5B; p  0.05). Interest-
ingly, the magnitude of residual LTP induced by 200 Hz distinct forms of LTP: the first is expressed, at least in
Presynaptic BDNF Required for Presynaptic LTP
981
Figure 5. Nitrendipine and BDNF Deletion Inhibit 200 Hz LTP but not 50 Hz LTP
(A) Average amount of potentiation measured 1 hr after 50 Hz stimulation in slices from BDNF/ and BDNF/(CA3-CA1) mice in the presence
(open bars) or absence (closed bars) of nitrendipine.
(B) Average amount of potentiation measured 1 hr after 200 Hz tetanization in slices from BDNF/ and BDNF/(CA3-CA1) mice in the
presence (open bars) and absence (closed bars) of nitrendipine. *p  0.05.
(C) Nitrendipine occludes the inhibitory effects of BDNF deletion on 200 Hz LTP. Average slope of fEPSP in slices tetanized at 200 Hz (upward
arrow) from BDNF/ (closed circles) and BDNF/(CA3-CA1) (open circles) animals in the presence of nitrendipine.
part, presynaptically and requires the concerted action 2001). We first confirmed that this form of LTP requires
of BDNF and L-type VGCCs; the second is expressed L-type VGCCs. Thus, theta burst stimulation induced a
postsynaptically and requires NMDAR activation but large LTP (196.7%  15.8%, n  9) that was greatly
does not depend on either L-type VGCCs or BDNF. diminished in the presence of 5 
M nitrendipine
(138.6%  10.9%, n  6) (Figure 6A; p  0.01). Next,
we found that this theta burst LTP also required BDNFBDNF Is Required for a Presynaptic Component
(Figure 6B). Whereas BDNF/ mice showed an en-of Theta Burst LTP
hancement in the fEPSP to 166.0%  13.2% (n  5) ofIf there is indeed a single presynaptic module of LTP
its initial value 1 hr following theta burst stimulation,that specifically requires L-type VGCCs and BDNF, we
BDNF/(CA3-CA1) mice exhibited an increase in thefurther expect that a form of theta burst LTP would
fEPSP of only 136.7%  8.2% (n  5), significantlyalso have a presynaptic component of expression and
smaller than the magnitude of LTP in BDNF/ lit-require BDNF, since this form of LTP requires both
termates (p  0.05).L-type VGCCs and NMDA receptors for its activation
If BDNF is selectively involved in recruiting the presyn-(Morgan and Teyler, 2001). Whether or not forms of theta
aptic component of LTP, we would predict that thetaburst LTP can recruit a presynaptic component of ex-
burst LTP, which requires BDNF, should also elicit apression is of particular interest, since this stimulation
presynaptic component as assayed by FM 1-43 release.protocol resembles a physiological pattern of hippo-
Moreover, this presynaptic component should be elimi-campal activity, the theta (5 Hz) rhythm, that is observed
nated in the BDNF/(CA3-CA1) mice. Consistent withwhen an animal explores a novel spatial environment
this view, theta burst LTP increased the rate of FM 1-43(Buzsaki, 2002). Other studies have previously found
unloading in BDNF/ mice to 139%  18% of its initialthat a variant of theta burst LTP requires BDNF (Chen
value (from 0.0133  0.0008 s1 [n  597, 7 slices] toet al., 1999; Kang et al., 1997; Patterson et al., 2001).
0.0176 0.0005 s1 [n 746, 7 slices] 1 hr after inductionHowever, whether theta burst LTP recruits presynaptic
of theta burst LTP; p  0.0001, Kolmogorov-Smirnovor postsynaptic components of expression is not known,
test). The presynaptic enhancement was somewhat lessnor is it known whether BDNF is selectively required for
than the 186% increase observed following the morethe presynaptic or postsynaptic component.
intense 200 Hz LTP induction protocol. We also ob-We used a long period of theta burst stimulation (TBS)
served a shift in the distribution of rates of FM 1-43to the Schaffer collateral pathway (see Experimental
unloading from individual boutons to higher values afterProcedures), a protocol previously shown to elicit a
prominent VGCC-dependent LTP (Morgan and Teyler, induction of theta burst LTP (Figure 6C).
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Figure 6. Theta Burst LTP Is Dependent on BDNF and L-Type VGCCs and Recruits a Presynaptic Component of Expression as Assessed by
FM 1-43 Release
(A) Theta burst LTP is partially blocked by nitrendipine (p  0.01). Average fEPSP slope as a function of time before and after theta burst
stimulation (TBS, upward arrow) from BDNF/ mice in the absence (solid squares; n  9) and in the presence (open triangles; n  6) of
nitrendipine. Data from slices in interface chamber.
(B) Theta burst LTP is inhibited upon deletion of BDNF. Mean fEPSP slope as a function of time measured in slices from BDNF/ (solid
squares; n  5) and BDNF/(CA3-CA1) (open circles; n  5) mice before and after theta stimulation.
(C and D) Cumulative probability histograms of FM 1-43 unloading rates before and after theta burst stimulation in slices from BDNF/ (C)
and BDNF/(CA3-CA1) (D) animals.
(E) Average amount of potentiation measured 1 hr after theta burst stimulation in slices from BDNF/ and BDNF/(CA3-CA1) mice in the
presence (open bars) and absence (closed bars) of nitrendipine. *p  0.05.
In contrast, terminals from BDNF/(CA3-CA1) mice LTP? Since both presynaptic and postsynaptic neurons
in the hippocampus express BDNF, it could be releasedexhibited no change in their rate of FM 1-43 unloading.
Thus the rate of destaining before TBS of 0.0131  either from the presynaptic CA3 neuron, from the post-
synaptic CA1 neuron, or from both. To determine the0.0007 s1 (n  512, 5 slices) was similar to the rate of
destaining after TBS of 0.0132  0.0009 s1 (n  612, precise source of BDNF involved in NMDAR/VGCC-
dependent LTP, we generated a second strain of mice6 slices; p  0.05, Kolmogorov-Smirnov test). Similarly,
there was no change in the distribution of unloading in which the deletion of the BDNF gene was restricted
to hippocampal CA1 pyramidal neurons (BDNF/(CA1)rates measured in individual puncta before and after
induction of theta burst LTP in the BDNF/(CA3-CA1) mice) (see Experimental Procedures; Figure 7A). Similar
to the forebrain knockout mice, the CA1-selective dele-mice (Figure 6D).
Similar to 200 Hz LTP, the residual theta burst LTP in tion of BDNF did not result in any obvious morphological
changes in the structure of the hippocampus, at leastthe BDNF/(CA3-CA1) mice does not require L-type
VGCCs. Thus, the fEPSP was enhanced to 137.6%  at the light microscopic level. Additionally, the lifespan
6.2% (n  5) of its initial value in the presence of nitren- of these mice was normal (data not shown).
dipine, similar to the enhancement of 133.7%  4.6% Although previous studies have provided suggestive
(n  6) in the absence of nitrendipine (p  0.05) (Figure evidence that LTP may require BDNF release from CA1
6E). This finding is in contrast to the strong inhibition of neurons (Korte et al., 1996), we found that 200 Hz LTP
TBS-LTP observed with nitrendipine in BDNF/ mice was undiminished in the BDNF/(CA1) mice compared
(Figures 6A and 6E). These results lend strong support to BDNF/ littermates. Thus, 1 hr after 200 Hz tetanic
to the view that (1) theta burst LTP has a presynaptic stimulation, the average slope of the fEPSP increased to
component of expression, and (2) BDNF and L-type 183.2% 6.3% (n 9) of its initial level in BDNF/(CA1)
VGCCs are selective and necessary mediators of pre- mice, compared to an increase of 185.5% 11.2% (n
synaptic forms of LTP. 5) in BDNF/ littermates (Figure 7B). The 200 Hz LTP
in the BDNF/(CA1) mice showed a normal sensitivity
to nitrendipine, indicating its similarity to 200 Hz LTPThe Presynaptic CA3 Neuron Is the Source of
BDNF for the Presynaptic Component of LTP in wild-type mice. In the presence of nitrendipine, the
average slope of the fEPSP increased to only 142.0% What is the cellular source of BDNF that is required for
the presynaptic component of theta burst and 200 Hz 5.1% (n  10, p  0.05) of its initial level 1 hr after the
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200 Hz stimulation, 50% less than the size of 200 Hz
LTP in the absence of nitrendipine in the same mice.
Theta burst LTP was also normal in the BDNF/(CA1)
mice (Figure 7C). Thus, 1 hr after TBS, the average fEPSP
slope increased to 167.6%  9.0% (n  11) of its level
before stimulation in these mice, similar to the increase
of 159.7%  14.9% (n  12, p  0.05) in BDNF/ lit-
termates. These results show that both modules of LTP
are preserved when BDNF is deleted selectively from
the postsynaptic CA1 neurons. Given the deficit in both
200 Hz LTP and theta burst LTP in the BDNF/(CA3-
CA1) mice, we conclude that the presynaptic CA3 neu-
rons are the most likely source of BDNF for these forms
of LTP.
Rescue of 200 Hz LTP in BDNF/(CA3-CA1)
Mice by Viral Expression of BDNF in CA3
but not CA1 Neurons
To confirm that BDNF release from CA3 but not CA1
neurons is required for presynaptic LTP, we attempted
to rescue the deficit in LTP in the BDNF/(CA3-CA1)
mice by reintroducing BDNF expression selectively in
either CA3 or CA1 regions through infection with a
Sindbis viral vector (D’Apuzzo et al., 2001), SinBDNF-
GFP, which independently expresses BDNF and green
fluorescent protein (GFP). One or two days after in vivo
viral injection into the hippocampus, we analyzed LTP in
acute hippocampal slices that strongly expressed GFP.
We first examined the effects of SinBDNF-GFP infec-
tion in the CA3 region (Figure 8A). Slices that had a
strong level of GFP fluorescence in CA3 were studied.
In situ hybridization confirmed that the viral infection
also resulted in expression of BDNF RNA in the injection
area (Figure 8B). Input-output curves from GFP- and
BDNF-expressing slices were not significantly different
from I/O curves from infected slices that did not express
GFP, or from slices prepared from BDNF/(CA3-CA1)
mice not injected with the virus (data not shown). How-
ever, the deficit in 200 Hz LTP was completely rescued
by expression of BDNF in CA3 neurons. Thus, 1 hr after
200 Hz stimulation, the fEPSP increased to 218.4% 
16.6% (n  9) of its initial magnitude in slices with CA3
expression of BDNF and GFP, significantly larger than
the magnitude of LTP in slices from mice that did not
receive viral injection (132.0%  9.0% enhancement,
n  4; p  0.05) or from mice infected with a Sindbis
viral vector that only contained GFP (SinGFP; 138.1%
9.0% enhancement, n  6, p  0.02) (Figure 8C). More-
over, the magnitude of LTP in the BDNF-expressing
slices from the BDNF/(CA3-CA1) mice was similar (or
even slightly greater than) the magnitude of LTP in
BDNF/ mice (198.3%  11.4%).
To test whether the rescue of LTP by BDNF is region
specific, we injected SinBDNF-GFP into the CA1 area
Figure 7. 200 Hz and Theta Burst LTP Are Fully Expressed in
BDNF/(CA1) Mice from BDNF/(CA1) mice in the absence (open circles, n  9) and
(A) BDNF in situ hybridization image in coronal slices from presence (open triangles, n  10) of nitrendipine. Average fEPSP
BDNF/(CA1) mice carrying the transgenic Cre allele R4Ag11. Note, for slices from BDNF/ littermates in absence of nitrendipine is
there is no positive signal in the CA1 area of the hippocampus, in also shown (closed squares, n  5). Note LTP in BDNF/(CA1) is
contrast to the marked expression in the CA3 area, dentate gyrus, identical to that in BDNF/ littermates (in absence of nitrendipine).
and neocortex. (C) Average fEPSP slope as a function of time in slices before and
(B) Average fEPSP slope versus time for slices tetanized at 200 Hz after theta burst stimulation (TBS, upward arrow) from BDNF/ and
BDNF/(CA1) mice. Data from slices in interface chamber.
Neuron
984
Figure 8. In Vivo Injection of SinBDNF-GFP into the CA3 but not into the CA1 Area Rescues Defect in LTP in BDNF/(CA3-CA1) Mice
(A and B) BDNF/(CA3-CA1) animal injected with SinBDNF-GFP into the CA3 area of the hippocampus 1 day prior to the experiment. (A)
Image of GFP fluorescence, showing high levels of protein expression in CA3. (B) In situ hybridization image showing expression of BDNF
RNA in CA3 pyramidal neurons (note: BDNF is also expressed outside the hippocampus due to leakage of viral particles during injection).
(C) Mean fEPSP slope as a function of time measured before and after 200 Hz stimulation (upward arrow) in slices from BDNF/(CA3-CA1)
mice injected with either SinBDNF-GFP (open circles, n  9) or SinGFP (filled circles, n  6) into the CA3 area of the hippocampus 24–48 hr
prior to the experiments.
(D) GFP fluorescence showing expression of protein in CA1 region of a hippocampal slice from the BDNF/(CA3-CA1) mouse injected in vivo
with SinBDNF-GFP 1 day prior to the experiment.
(E) Mean fEPSP slope versus time in hippocampal slice tetanized at 200 Hz (upward arrow) from BDNF/(CA3-CA1) mice injected either with
SinBDNF-GFP (open circles, n  7) or SinGFP (filled circles, n  8) into the CA1 area 24–48 hr prior to the experiments.
of BDNF/(CA3-CA1) mice. Slices showing a strong noninfected BDNF/(CA3-CA1) mice is not due to a
long-term developmental defect. Thus, we concludeGFP signal in the CA1 region were studied for LTP (Fig-
ure 8D). In contrast to the rescue of LTP upon infection that BDNF released from presynaptic CA3 neurons, but
not from postsynaptic CA1 neurons, is required for ex-of the CA3 region, we observed no effect on the magni-
tude of 200 Hz LTP when BDNF was expressed selec- pression of the presynaptic component of LTP at CA3-
CA1 synapses.tively in CA1 (Figure 8E). The fEPSP measured 1 hr after
200 Hz tetanic stimulation increased to 139.2%  4.6%
(n 7) of its original level, not significantly different from Discussion
the magnitude of LTP in slices from BDNF/(CA3-CA1)
mice injected with SinGFP (133.6% 4.2%, n 8). This Our study on the role of BDNF in synaptic plasticity
provides three new insights into the nature of hippocam-is similar to the extent of 200 Hz LTP in uninfected slices
(132.0%  9.0%) and considerably less than the 218% pal long-term potentiation. First, these findings extend
our previous studies on 200 Hz LTP (Zakharenko et al.,increase seen in the CA3 infected slices. Our ability to
rescue 200 Hz LTP after 1–2 days of BDNF expression 2001) by demonstrating that theta burst LTP, which is
induced by a more natural pattern of synaptic activity,in the CA3 region also argues that the loss of LTP in the
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also has a presynaptic component of expression. Sec-
ond, we find that the expression of the presynaptic com-
ponent of LTP, induced either by 200 Hz or theta burst
stimulation, requires both BDNF and L-type voltage-
gated calcium channels. By contrast, BDNF and L-type
Ca2 channels are not required for the postsynaptic
component of LTP. Third, we show that the source of
BDNF that is required for expression of presynaptic LTP
originates from the presynaptic CA3 neuron. Together,
these findings provide strong evidence for independent
presynaptic and postsynaptic components of LTP.
These components are likely to represent separate sig-
naling modules that can be selectively recruited by dis-
tinct patterns of synaptic activity (Figure 9).
The enhanced rate of FM 1-43 release that we observe
during 200 Hz and theta burst LTP clearly indicates that
these forms of LTP produce some alteration in presyn-
aptic function. We previously demonstrated that the rate
of FM 1-43 release was strongly correlated with the
amount of neurotransmitter release. Thus, altering trans-
mitter release by changing external calcium concentra-
tion, paired pulse facilitation, or altering the extent of
presynaptic inhibition by adenosine all led to a change
in the rate of FM 1-43 release that closely matched
the change in the size of the postsynaptic response
(Zakharenko et al., 2001). Moreover, induction of LTP
enhanced the rate of FM 1-43 release, whereas induction
of metabotropic glutamate receptor-dependent LTD de-
pressed the rate of FM 1-43 release (Zakharenko et
al., 2002). Therefore, the simplest interpretation of our Figure 9. A Model for the Contribution of BDNF to the Presynaptic
results is that the enhanced rate of FM 1-43 release Module of Long-Term Potentiation at CA3-CA1 Excitatory Synapses
reflects an increase in transmitter release that directly Induction of the NMDAR-dependent LTP pathway leads to expres-
sion of the postsynaptic BDNF-independent module of LTP (pre-contributes to the enhanced EPSP during 200 Hz and
sumably via insertion of AMPA receptors into the postsynapticTBS LTP. However, we cannot rule out the possibility
plasma membrane [Malinow and Malenka, 2002]). Conversely, thethat the enhanced rate of FM 1-43 release reflects some
NMDA/VGCC-dependent LTP pathway leads to expression of bothpresynaptic change in vesicle cycling kinetics that is
postsynaptic and presynaptic modules of LTP. Expression of the
not directly related to the extent of transmitter release, presynaptic module is dependent on BDNF that is released from
such as a change in the rate of endocytosis or vesicle the presynaptic neuron. BDNF could act on TrkB receptors, either
as an autocrine signal at the presynaptic terminal (2) or as an antero-recycling. At the same time, it is also possible that the
grade signal at the postsynaptic spine (1).lack of change of FM 1-43 release during 50 Hz LTP
might reflect an insensitivity of this assay to some forms
of altered transmitter release. We view this possibility different forms of LTP at a single synapse. At the Schaf-
as unlikely, since we can detect quite small changes in fer collateral synapses, Teyler and colleagues first re-
dye release rates (20%) in individual boutons, and the ported that 200 Hz tetanic stimulation recruits a form
boutons from which we measure FM 1-43 release are of LTP that is dependent on Ca2 influx through both
located in the same microscopic field in which the fEPSP NMDARs and L-type VGCCs, whereas lower-frequency
recording electrode is positioned. Despite such poten- stimulation recruits a form of LTP solely dependent on
tial uncertainties, our results with FM 1-43 provide clear NMDARs (Grover and Teyler, 1990). Third, different pat-
evidence that different forms of LTP differentially recruit terns of activity can evoke different temporal phases of
some change in presynaptic function that requires BDNF LTP. Thus, a single train of stimulation evokes an early
for its expression. phase of NMDAR-dependent LTP that lasts only a few
hours and is independent of protein synthesis and the
cAMP cascade. In contrast, four trains of stimulationThere Are Separate Presynaptic and Postsynaptic
Modules for LTP also evoke a late phase of NMDAR-dependent LTP that
develops with a delay but then persists for many hoursIt has been recognized for some time that there are a
variety of different forms of LTP. First, different synapses and requires protein synthesis and the cAMP pathway
(Frey et al., 1993). Finally, an intermediate phase of LTPcan express different forms of LTP. Thus, whereas LTP
at the Schaffer collateral synapse from CA3 to CA1 pyra- requires cAMP but not protein synthesis (Winder et al.,
1998).midal neurons is dependent on NMDAR activation (Har-
ris et al., 1984), LTP at hippocampal mossy fiber syn- Our studies extend such findings at the CA3-CA1 syn-
apse by showing that different patterns of stimulationapses from dentate gyrus granule cells to CA3 neurons
is independent of NMDAR activation (Harris et al., 1984). elicit distinct forms of early LTP that differ in their synap-
tic sites of expression. Thus, 200 Hz LTP and theta burstSecond, different patterns of synaptic activity recruit
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LTP, but not 50 Hz or 100 Hz LTP, cause a marked presynaptic CA3 neuron serves as an active signal re-
quired for the induction of presynaptic forms of LTP. Inpotentiation in presynaptic function, as assayed by the
increased rate of FM 1-43 release from presynaptic ter- this role, BDNF may act as a feed forward paracrine
signal, released from the presynaptic CA3 neuron tominals (Zakharenko et al., 2001). Moreover, the different
forms of LTP have distinct mechanisms of induction. act on TrkB receptors in the postsynaptic CA1 neuron
(Figure 9, site 1; Kohara et al., 2001; Nawa and Takei,Thus, L-type voltage-gated calcium channels and BDNF
are selectively required to induce presynaptic, but not 2001). A postsynaptic target for BDNF signaling is con-
sistent with findings that BDNF exerts a variety of post-postsynaptic, forms of LTP.
These convergent results lead us to suggest that dif- synaptic actions at this synapse, including an increase
in dendritic calcium concentration (Berninger and Poo,ferent patterns of synaptic activity recruit two indepen-
dent modules of LTP that exhibit distinct molecular 1996; Canossa et al., 1997; Kovalchuk et al., 2002), acti-
vation of MAP kinase (Patterson et al., 2001), and modu-mechanisms of induction and distinct presynaptic and
postsynaptic sites of expression. Moreover, the post- lation of NMDA receptor function (Levine et al., 1998;
Levine and Kolb, 2000; Suen et al., 1997).synaptic and presynaptic modules are likely to recruit
different second messenger cascades. Postsynaptic Alternatively, BDNF may act as an autocrine factor
that is released from the presynaptic terminal to act onNMDAR-dependent LTP requires serine/threonine ki-
nases (including Ca2/calmodulin-dependent protein ki- presynaptic TrkB receptors (Figure 9, site 2). Given that
200 Hz LTP requires elevation of postsynaptic Ca2 andnase). Presynaptic NMDAR/VGCC-dependent LTP re-
quires tyrosine kinase pathways (Cavus and Teyler, activation of NMDARs (Grover and Teyler, 1990), any
presynaptic effect of BDNF must also require an addi-1996). This distinction is consistent with our finding that
only the latter form of LTP selectively requires BDNF, tional retrograde signal from the postsynaptic cell to
induce presynaptic LTP. An autocrine role of BDNF iswhich signals through the activation of the TrkB receptor
tyrosine kinase. The idea that the presynaptic and post- consistent with findings that acute application of BDNF
enhances release at excitatory synapses in the hippo-synaptic components of LTP are independent modules
is further supported by our finding that blockade of the campus (Berninger et al., 1999; Kang and Schuman,
1995; Lessmann and Heumann, 1998; Li et al., 1998b;presynaptic component in three different ways—by de-
letion of BDNF, by application of nitrendipine, or by Schinder et al., 2000). Moreover, presynaptic TrkB re-
ceptors have been implicated in both acute effects oflimiting tetanic stimulation to 50 Hz—results in a residual
postsynaptic component of LTP that appears modular; BDNF (Li et al., 1998a) and in the induction of certain
forms of LTP (Xu et al., 2000).in each case it is of similar size.
BDNF Has an Active Role in the Presynaptic Relation of BDNF, L-Type Ca2 Channels,
and Patterns of Synaptic ActivityExpression of LTP
How does BDNF participate in generation of presynaptic Why does the presynaptic component of LTP require a
different pattern of synaptic stimulation than the post-forms of LTP? BDNF might act as a passive, permissive
signal that ensures adequate transmitter release during synaptic component of LTP? What is the role of the
L-type voltage-gated calcium channels in presynaptictetanic stimulation to induce LTP. This possibility is sug-
gested by results on a TrkB hypomorph mouse, which LTP and how is it related to the action of BDNF? Perhaps
the simplest model is that 200 Hz or theta burst stimula-shows a defect in 100 Hz LTP, although LTP induced by
pairing postsynaptic depolarization with low-frequency tion, but not 50 Hz stimulation, permits sufficient activa-
tion of L-type Ca2 channels in the presynaptic CA3synaptic stimulation is normal (Xu et al., 2000). These
findings led Xu et al. to conclude that the defect in 100 terminals to allow adequate Ca2 influx to release BDNF.
Activity-dependent release of BDNF from presynapticHz LTP was due to a defect in transmitter release during
the 100 Hz tetanus, rather than a defect in LTP itself. terminals of cultured hippocampal neurons has been
directly demonstrated in response to high-, but not low-,This idea is also consistent with the finding that acute
BDNF application enhances release (Berninger et al., frequency stimulation (Gartner and Staiger, 2002; Ko-
hara et al., 2001). Moreover, theta burst stimulation,1999; Kang and Schuman, 1995; Lessmann and Heu-
mann, 1998; Li et al., 1998b; Schinder et al., 2000) and which induces LTP with a presynaptic component, is a
particularly effective protocol for release of endogenousprevents fatigue during tetanic stimulation (Figurov et
al., 1996; Gottschalk et al., 1998). However, three find- BDNF from cultured hippocampal neurons (Balkowiec
and Katz, 2002) and for activating TrkB in hippocampalings indicate that the defects in LTP we observe in the
BDNF-deficient mice are not due to inadequate trans- slices (Patterson et al., 2001).
Alternatively, the L-type Ca2 channels may be local-mitter release during the induction protocol. First, the
rate of FM 1-43 release during low-frequency tetanic ized in the postsynaptic CA1 neuron where they could
provide Ca2 influx necessary for generation of a retro-stimulation is identical in BDNF/ and BDNF/(CA3-
CA1) mice (Figures 4A and 4B). Second, the magnitude grade signal to enhance transmitter release from the
presynaptic terminal. This is consistent with the highof posttetanic potentiation, a form of short-term plastic-
ity that provides a general index of synaptic function, density of L-type channels found in the postsynaptic
dendrite (Magee et al., 1996; Magee and Johnston, 1995;following the 200 Hz tetanic stimulation is normal in the
BDNF/(CA3-CA1) mice (Figure 2C). Third, theta burst Morgan and Teyler, 2001). Moreover, L-type VGCCs
have been found to participate in the induction of LTPLTP, which requires a less intense stimulation protocol,
also is defective in the BDNF/(CA3-CA1) mice. through a postsynaptic Ras-MAPK-CREB pathway im-
plicated in BDNF-TrkB signaling (Dolmetsch et al., 2001;We therefore suggest that BDNF released from the
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Figure 10. Generation of Mice with a Conditional Knockout of the BDNF Gene
(A) Maps of the BDNF genomic locus during targeting: (1) wild-type locus, (2) targeting construct, (3) floxed BDNF allele following homologous
recombination and deletion of the TK-NEO cassette during the transient expression of Cre recombinase, and (4) BDNF knockout allele following
the deletion of the TK-NEO cassette and coding exon 5. Restriction endonuclease sites Bgl2 (Bg), Pvu2 (P), Hind3 (H), Pac1 (Pc), BamH1 (B),
BDNF encoding exon 5 (BDNF), TK-NEO cassette, and 0.75 BamH1 fragment used as a probe (probe) are shown. LoxP sites indicated by
filled triangles. Pvu2 fragments used for identification of mutated BDNF alleles in the Southern blot are marked with the horizontal arrows.
(B) Southern blot containing DNA from the ES clones following homologous recombination. Lane 1, wild-type clone; lane 2, clone with a
targeted BDNF allele (7.5 kb).
(C) Southern blot following Cre-mediated excision. Lanes 1 and 4, wild-type alleles only; lane 2, floxed allele (10 kb); lane 3, knockout allele
(8.7 kb).
West et al., 2002). Clearly, further experiments will be tein or TrkB antisera. However, Kang et al. did find a
required to dissect out the specific roles and relation- significant decrease in LTP induced by either theta burst
ships of the L-type channels and BDNF. stimulation or pairing low-frequency presynaptic stimu-
lation with postsynaptic depolarization. In contrast, Xu
et al. (2000) observed a defect in 100 Hz LTP but noOther LTP Modules and Their Map onto Behavior
change in pairing-induced LTP in a TrkB hypomorph.Our finding that BDNF selectively participates in certain
Small differences in experimental protocol used in theseforms of plasticity but not others may explain some of
studies may well bias a given pattern of synaptic activity,the discrepancies among previous studies of the role
such as 100 Hz tetanic stimulation or a pairing protocol,of BDNF in LTP (Chen et al., 1999; Figurov et al., 1996;
to recruit the presynaptic, BDNF-dependent LTP mod-Kang et al., 1997; Korte et al., 1995; Minichiello et al.,
ule in some instances but not in others.1999; Patterson et al., 1996, 2001; Xu et al., 2000). Two
It is also possible that there may be multiple forms ofdifferent groups reported a significant decrease in 100
BDNF-dependent LTP. Thus, Korte et al. (1996) foundHz LTP in two lines of mice in which BDNF was deleted
that an unrestricted BDNF knockout showed a defectin an unrestricted manner (Korte et al., 1995; Patterson
in LTP at Schaffer collateral synapses induced by threeet al., 1996). In contrast, Kang et al. (1997) found no
brief trains of 100 Hz stimulation. This defect in LTP waschange in 100 Hz LTP when BDNF signaling was per-
turbed by application of a soluble TrkB-IgG fusion pro- partially rescued by selective expression of BDNF, using
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used the L7Ag13 transgenic line that expressed Cre recombinasean adenoviral vector, in the CA1 region of the hippocam-
in the entire forebrain. To generate mice with a CA1-restricted dele-pus but not in the CA3 region, the opposite to our results.
tion of BDNF (BDNF/(CA1) mice), we used the R4Ag11 transgenicHowever, the interpretation of these earlier findings may
line that expressed Cre recombinase in a more restricted manner.
be complicated by possible developmental changes as- BDNF-restricted knockouts and their BDNF-expressing lit-
sociated with the use of an unrestricted BDNF deletion. termates were obtained as follows. BDNFf/ mice on a 129SVEV
background were first crossed with C57 wild-type females. TheThus, it will be important to reexamine such results in
resulting BDNFf/ 129SVEV/C57 hybrids were then intercrossed toa CA1-specific BDNF knockout.
obtain BDNFf/f 129SVEV/C57 males. Next, BDNFf/,cre 129SVEV/C57Attempts to map LTP onto behavior also will require
females were obtained by crossing the BDNFf/ 129SVEV males withcareful attention to the presence of these multiple forms
females from one of the above two Cre recombinase lines (both in
of LTP. Indeed, as is the case with LTP, so too, memory the C57 background). BDNFf/f,cre females were obtained by crossing
storage is not unitary. To begin with, different modalities the BDNFf/,cre C57/129SVEV females with the BDNFf/f 129SVEV/C57
hybrid males. Finally, for the restricted knockout experiments, theof hippocampal memory storage exist, including spatial,
BDNFf/f 129SVEV/C57 hybrid males were crossed with the BDNFf/f,creolfactory, and object discrimination, which almost cer-
females. This yielded BDNFf/f,cre (BDNF/) and BDNFf/f (BDNF/)tainly recruit different hippocampal subregions and pos-
littermates with mixed average 50%/50% 129SVEV/C57 back-sibly different forms of LTP to varying degrees. In addi-
grounds. The presence of the cre allele was determined by Southern
tion, each of these modalities of memory is not unitary hybridization using a cre-specific probe.
but has components of encoding, storage, consolida-
tion, and retrieval, which can be interfered with differen- Electrophysiological Experiments
tially. Finally, we do not know which if any of the artifi- Transverse hippocampal slices (400 
m) were prepared from 6- to
10-week-old mice. In submerged slice experiments, slices con-cially induced forms of LTP are actually used by an
taining the dorsal part of the hippocampus were continuously super-animal for each of these components of memory. Thus,
fused with artificial cerebrospinal fluid (ACSF) containing (in mM):the task of mapping LTP onto hippocampal-based mem-
125 NaCl, 2.5 KCl, 2 CaCl2, 2 MgSO4, 1.25 NaH2PO4, 26 NaHCO3,ory is a more complex problem than simply examining
and 10 glucose, with 95% O2/5% CO2 at 22C (3–4 ml/min). Extracel-the relation of a single form of LTP, such as 100 Hz LTP lular field recording and stimulation were performed as previously
in the Schaffer collateral pathway, to a single form of described (Zakharenko et al., 2001). LTP was induced electrically
by one of the following protocols. (1) 50 Hz LTP was induced byspatial memory. It will be interesting in the future to
three 1 s trains of 50 Hz stimulation applied every 20 s at 50% ofattempt to dissect out the behavioral relevance for hip-
maximal stimulus intensity. (2) 200 Hz LTP was induced by 10 trainspocampal-based memory of these different LTP mod-
of 200 ms stimulation at 200 Hz delivered every 5 s at 50% ofules as well as their potential differential roles in disease.
maximal stimulus intensity. (3) Theta burst LTP was induced using
the two previously described protocols that induced multiple forms
of LTP (Morgan and Teyler, 2001; Patterson et al., 2001). (a) InExperimental Procedures
submerged slice experiments, the long theta burst stimulation (TBS)
protocol consisted of 6 trains with 10 s intervals between trains.Generation of Mice Lacking BDNF in the Different
Each train had 5 bursts separated by 200 ms. Each burst includedAreas of the Forebrain
4 pulses delivered at 100 Hz at 50% of maximal stimulus intensityBAC genomic clones containing BDNF coding exon V were cloned
(Morgan and Teyler, 2001). (b) In the interface slice experimentsand mapped using a BDNF cDNA sequence as a probe (Figure 10).
(Figures 6A and 7C), TBS was comprised of 8 bursts of 4 pulses atA targeting construct was made from a 7.3 kb genomic fragment
100 Hz delivered at 33% of maximal stimulus intensity (Pattersonbetween the Bgl2 site upstream of the BDNF exon 5 and Hind3 site
et al., 2001).downstream of this exon. A single loxP site was inserted into the
In interface recordings (Patterson et al., 1996, 2001), slices werePvu2 site upstream of exon 5, and a tk-neo cassette flanked by the
maintained in an interface chamber at 28C and perfused with anLoxP sites was inserted into the Pac1 site immediately downstream
oxygenated saline solution (in mM: 124.0 NaCl, 4.4 KCl, 26.0of exon 5 (Figure 10). Following electroporation into 129SVEV-
NaHCO3, 1.0 NaH2PO4, 2.5 CaCl2, 1.3 MgSO4, 10 glucose).derived MM13 ES cells (obtained from M. Mendelson), DNA from
G418-resistant clones was digested with Pvu2 and analyzed by
Southern blot using a 0.75 kb BamH1 fragment as a probe. Targeted FM 1-43 Imaging Experiments
FM 1-43 imaging recordings were performed with submerged slicesalleles produce a 7.5 kb Pvu2 fragment following the insertion of
neo gene containing a Pvu2 site, and the wild-type allele produced at 22C as described (Zakharenko et al., 2001, 2002). Two-photon
microscopy was performed with a BioRad 1024-MP imaging systema 6 kb band (Figure 10). Transient expression of Cre-recombinase
in targeted clones followed by selection with gancyclovir produced using a Ti:sapphire femtosecond pulsed laser (900 nm) (Spectra-
Physics) and 63 0.9 NA water-immersion IR objective (Olympus).clones with the deletion of the TK-Neo cassette alone or together
with the BDNF exon 5. To identify both types of deletions, DNA from FM 1-43 was applied to slices from a glass pipette (used for field
EPSP recordings) filled with ACSF containing 25 
M FM 1-43. Thegancyclovir-resistant clones was digested with Pvu2 and probed
with the 0.75 kb BamH1 fragment. The floxed BDNF allele (BDNFf) pipette was placed into CA1 stratum radiatum at a depth of 100–150

m. Dye was ejected by a 3.5 min period of positive pressure. Afterproduced a 10 kb fragment, and the complete knockout allele
yielded an 8.7 kb fragment (Figure 10C). The same strategy was 1 min of dye ejection, a train of 1200 stimuli (at 10 Hz) was applied
to the Schaffer collaterals (in the presence of 50 
M D-AP5) toused for mouse genotyping. Mice generated with two floxed BDNF
alleles (BDNFf/f mice) did not differ from the wild-type littermates maximally load dye into the terminals. Slices were superfused with
ADVASEP-7 (0.1–0.2 mM) for 15–20 min to remove any dye bound toand expressed normal amounts of BDNF (data not shown), indicat-
ing that the loxP insertions did not affect BDNF expression. extracellular tissue (Kay et al., 1999). ADVASEP-7 was also present in
the external solution during the unloading procedure. FM 1-43 wasTo generate mice with a region-restricted BDNF knockout, we
crossed male BDNFf/f mice with female BDNFf/f mice that also con- unloaded by stimulating the Schaffer collateral pathway for 4 min
at a rate of 1.5 Hz. The measurements of unloading rates of FM 1-43tained one transgenic allele expressing Cre recombinase under the
control of the CaMKII promoter (BDNFf/f,cre mice). The offspring thus were carried out before and after induction of LTP from the same
population of boutons in a single microscopic field within a slicehad two possible genotypes: (1) two floxed BDNF alleles with one
cre recombinase allele, or (2) two floxed BDNF alleles with no cre (Zakharenko et al., 2001). However, we cannot track the same indi-
vidual bouton before and after induction of LTP due to small move-recombinase allele. We refer to the former as BDNF/ mice and to
the latter as BDNF/ mice. To obtain animals lacking BDNF in the ments (caused by pressure ejection of FM 1-43) during the course
of the experiment.entire hippocampus (referred to as BDNF/(CA3-CA1) mice), we
Presynaptic BDNF Required for Presynaptic LTP
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Ernfors, P., Lee, K.F., and Jaenisch, R. (1994). Mice lacking brain-In Situ Hybridization
derived neurotrophic factor develop with sensory deficits. NatureMouse brains were dissected and frozen in OCT embedding me-
368, 147–150.dium. 20 
M sections were prepared and hybridized as described
(Huang et al., 1999) to an [-35S]dATP-labeled BDNF antisense oligo- Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T., and Lu, B.
nucleotide with the following sequence: CAGTTGGCCTTTGGATAC (1996). Regulation of synaptic responses to high-frequency stimula-
CGGGACTTTCTCTAGGACTGTGACCGTCCC. tion and LTP by neurotrophins in the hippocampus. Nature 381,
706–709.
Injection of Viral Particles into the Hippocampus Frey, U., Huang, Y.Y., and Kandel, E.R. (1993). Effects of cAMP
Sindbis viruses expressing both BDNF and GFP or GFP alone were simulate a late stage of LTP in hippocampal CA1 neurons. Science
generated using the Sindbis Expression System (Invitrogen). Injec- 260, 1661–1664.
tion of viral particles was done as it was described previously Gartner, A., and Staiger, V. (2002). Neurotrophin secretion from hip-
(D’Apuzzo et al., 2001). Mice were anesthetized with intraperitoneal pocampal neurons evoked by long-term-potentiation-inducing elec-
injection of 2.5% avertine (12 ml/kg) and placed into a stereotaxic trical stimulation patterns. Proc. Natl. Acad. Sci. USA 99, 6386–6391.
apparatus (Kopf Instruments). A 1/32G cannula (Plastics One, Inc.,
Gottschalk, W., Pozzo-Miller, L.D., Figurov, A., and Lu, B. (1998).Wallingford, CT) connected to the Hamilton syringe was placed into
Presynaptic modulation of synaptic transmission and plasticity bythe hippocampal area CA3 (AP  1.8, L  2.4, V  2.0) or CA1
brain-derived neurotrophic factor in the developing hippocampus.(AP  1.7, L  1.1, D  1.1) area. 0.75 
l of viral solution was
J. Neurosci. 18, 6830–6839.injected over a period of 10 min. The scalp was sutured and the
Grover, L.M., and Teyler, T.J. (1990). Two components of long-terminjected mice were allowed to recover. Injected mice were sacrificed
potentiation induced by different patterns of afferent activation. Na-24–30 hr after the surgery and acute hippocampal slices were pre-
ture 347, 477–479.pared.
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